A B S T R A C T Effects of diphenylhydantoins on (Nae + K+)-ATPase activity in rat and cat brain microsomes were studied. 5,5-diphenylhydantoin (DPH) in concentrations of 5-20 sLg ml' produces an apparent stimulation of the rat brain (Na' + K+) -activated ATPase of 55-65% in media containing 50 mm Na+, 0.15 mm K+, 3 mM Mg++, and 3 mm ATP. No effects are found on the Mg-ATPase. At constant K+ levels of 0.05 mmole/liter and 0.15 mmole/liter, increasing the Na+ concentration activates the enzyme similarly with and without DPH. However, Nat concentrations greater than 5 mmoles/ liter and 10 mmoles/liter, respectively, which are inhibitory in these low Ke media, produce less inhibition in the presence of DPH. In media containing 10 mm Nat, the K+ activation, on the other hand, is potentiated by DPH. In preparations from cat brain qualitatively similar results are obtained. No effect of DPH is seen on the inhibition produced by high K+ in low Na' media. DPH produces an approximately constant apparent stimulation of 45% in the (Na++ K+) increments when these ions are varied simultaneously at a fixed ratio of 150 Na+: 1 Ki with cat brain extracts. 5-(p-hydroxyphenyl)-5-phenylhydantoin (HPPH) has the same potency as DPH in reducing the Nat inhibition at high Na: K ratios. The hydantoins appear to act by decreasing the Na+ inhibition that occurs at high Na: K ratios.
INTRODUCTION
Diphenylhydantoin (DPH)' has been observed to reduce the intracellular sodium ion concentration and to increase Na' concentrations in brains of rats subjected to electroshock seizures. It was therefore proposed that the anti-seizure action of DPH results from stimulation of a metabolically linked process of active Nae extrusion (1) . There is now considerable evidence that active Na' transport is linked to (Nae + K+)-activated adenosine triphosphatase (2, 3) . Studies on this enzyme have shown that DPH inhibits the enzyme activity in brain microsome extracts (4) and in synaptosomal preparations (5, 6 ) under conditions of low Na: K ratios although it appears to stimulate enzyme activity in synaptosomes under high Na: K ratios (5) . In addition, DPH stimulates K+ transport under certain conditions in synaptosomes (7) . The present study is a further attempt to characterize the effects of hydantoins on brain microsomal (Nat + K+) -ATPase. It is found that DPH and its hydroxylated derivative, 5-(p-hydroxyphenyl) -5-phenylhydantoin (HPPH), both act to decrease the inhibition of (Na+ + K+)-ATPase produced by high Na: K ratios.
METHODS
Materials. Tris-ATP and the sodium salt of 5,5-diphenylhydantoin (DPH) were obtained from Sigma Chemical Co., St. Louis, Mo.; ['y-"P]-ATP was obtained from International Chemical and Nuclear Corp., Irvine, Calif.; and 5-(p-hydroxyphenyl) -5-phenylhydantoin (HPPH) was a generous gift from Dr. Henn Kutt (8 Microsomal (Na+ + K+) -ATPase was prepared from rat and cat brains in a procedure using NaI (9) The activation of ATPase activity by sodium ion is shown in Fig. la maximum rates are obtained at the optimal Na: K ratio. The absence of any significant DPH effect in the presence of 80 mm Nae plus 5 mm K+ is confirmed in Fig. 3 . Thus, the principal effect of DPH is not on the maximum velocity but rather on the inhibition seen at high Na: K ratios. This may be manifested as an increase in the observed velocity which is a resultant of both the stimulatory and inhibitory cationic effects. The DPH effect is most reproducible under conditions of 150 mm Nae and 1 mm K+, taking into account the amount of enzyme activity required for reliable measurements under these conditions. HPPH has the same effect as DPH in reducing the sodium ion inhibition at high Na: K ratios (Fig. 4) . No effect is seen on the activation phase of the Na+ curve. Table II under these conditions of 103% and 98%, respectively.
Phenobarbital and diazepam have no significant effect under these conditions. Microsome preparations from cat brain yield results qualitatively similar to those obtained with rat brain. In the presence of 150 mm Nae and 1 mm K+, DPH stimulates the (Na + K')-ATPase by 44% and does not affect the Mg'-ATPase activity. The inhibition produced by pretreatment with ouabain is not altered by DPH under these conditions (Table III) . Ouabain inhibition was also unaffected when microsomes were treated first with DPH in an experiment otherwise similar to that of Table III . Fig. 5 shows that in 0.5 mM K+, NaCl activation is not altered by DPH, whereas the inhibition in high Nat is reduced. Fig. 6 shows by high Na:K ratios. This observation is shown also when Nae is varied; i.e., no effect of DPH is seen on the activation by low Na+ concentrations where the K: Na ratio is high (Figs. 1, 4 , and 5). When the sodium and potassium ion concentrations are varied simultaneously to maintain a constant ratio of Na: K = 150, DPH produces an average apparent stimulation of about 45% in the (Nat + Ke) increments throughout the total cation concentration range (Fig. 8) . Thus, the DPH effect is independent of total ionic strength and of the concentration of either cation alone. DISCUSSION There is evidence that the (Na' + K+) -activated ATP hydrolysis proceeds through a multi-stage reaction mechanism in which Nae activates enzyme phosphorylation and K+ activates enzyme dephosphorylation (3, 11) . It is well known that excesses of either Nae or K+ exert inhibition of a mutually competitive nature (12, 13) , but there is disagreement on the basis of kinetic data as to whether the respective binding sites are necessarily separate or identical. In the present study it is observed that DPH decreases the inhibition due to high Na: K ratios but has no effect on inhibition due to relative excess of K+.
The reduction of Na' inhibition may be explained by assuming that DPH antagonizes the Na' effect relative to K+ at a site which when occupied by Na' is inhibitory. This site might be either identical with or interacting with a K+ site, for example, the site involved in dephosphorylation. Conversely, if DPH were also to antagonize Na' activation of enzyme phosphorylation, then one would expect to observe an apparent inhibition by DPH at low Na: K ratios. This was not observed in the present study. In addition, it has been reported that DPH has no effect on myocardial (Na' + K+)-ATPase activity in the presence of 100 mm Na+ plus 10 mm K+ (14) . The fact that such inhibition by DPH was, however, reported at low Na: K ratios in other types of brain enzyme preparations (4-) might indicate that under certain conditions more of the cation binding sites become susceptible to the DPH action.
Further information on the mechanism of the DPH effect may be obtained from direct studies of the phosphorylation and ATP-ADP transphosphorylation reactions (11) . An important question is whether the observed DPH effect on (Na+ + K+)-ATPase can be related to the drug's anti-seizure activity. Woodbury observed a direct correlation between the ratio of extracellular to intracellular brain sodium ion concentration and the electroshock seizure threshold in rats. Based on the observations that DPH increased the rate of sodium flux in normal rat brains and decreased the intracellular brain sodium concentrations in normal rats and in rats subjected to electroshock seizures, he proposed that the anti-seizure activity results from stimulation of active sodium extrusion (1). Festoff and Appel (5) found that DPH appears to stimulate (Nat + K+)-ATPase activity in synaptosomes from rat cerebrum when the Na: K ratio is in the range 50: 1. The experiments reported here with NaI-extracted brain microsomes confirm the apparent stimulatory effect of DPH at high Na: K ratios and show that this effect results from a decrease in Na inhibition. No qualitative difference between rat and cat brain preparations regarding this effect was noted under the conditions tested. Although the optimal condition for the effect in this study is a Na: K ratio of 150: 1, this value is quite broad and differences in this ratio may be due to differences in membrane preparations used, extraction procedures, or relative extents of Na+ inhibition. Of greater significance is the fact that the DPH effect depends on specific ionic proportions in the range which can regulate the enzyme activity.
Regulation of (Na + K+) -ATPase is complicated; it depends on a balance among both activation and inhibition effects by both sodium and potassium. It has been found in studies of red cells that activation of the sodium pump and (Nae + K+)-ATPase is due to intracellular Na+ and extracellular K+ while, on the other hand, extracellular Na+ is inhibitory (15, 16) . It is plausible that in vivo DPH might produce an increased rate of transport under a given set of conditions through a reduction in the relative inhibition due to extracellular Na+ similar to its effect on (Na' + K+) -ATPase in vitro. However, as described above, other studies have indicated an inhibitory effect of DPH at low Na: K ratios which suggests that DPH under some conditions may also decrease Na+ activation.
Therefore, the net result of the DPH action will depend on its relative effects on the two Na+ actions.
It is difficult to draw comparisons on a molecular basis between actions on (Na+ + K+) -ATPase in vitro and anti-seizure activity because other factors such as absorption, metabolism, excretion, and permeability might limit a drug's potency in vivo. HPPH in very high doses was reported ineffective against electroshock-induced seizures in rats (17) yet it exhibits the same potency as DPH in its effects on (Na + K+)-ATPase. HPPH is the main excretory product of DPH (18) and is found conjugated with glucuronic acid in the urine (19) . The liver is an important site for the formation of HPPH (8) . If 
